IgG antibodies is widely accepted as a means to determine immune status and susceptibility to Toxoplasma infection during pregnancy. However, current commercial kits present some drawbacks, such as a requirement for whole-parasite antigen preparation or interassay variability. To address these problems, the purpose of this study was to produce a whole sequence of the recombinant T. gondii SAG1 antigen (rSAG1) to assess its diagnostic performance in Toxoplasma IgG screening and to explore a saliva-based method as a noninvasive alternative to serum-based testing. rSAG1 was expressed in recombinant bacteria as inclusion bodies, purified through one-step affinity chromatography, and refolded in native form by dialysis. A large amount was obtained, and the specific antigen immunoreactivity was confirmed by immunoblotting. Two rSAG1-based enzyme-linked immunosorbent assays (ELISAs) applied to paired serum and saliva samples were designed. The rSAG1-based ELISA evaluation consisted of testing intrinsic sensitivity and specificity of 49 serum samples from patients immune to toxoplasmosis and 42 serum samples from nonimmune controls identified by routinely used kits. To assess agreement between serum-based and saliva-based tests, the positive percent agreement (PPA) and negative percent agreement (NPA) between the 2 tests were estimated. The rSAG1 serum-based ELISA detected specific IgG with 100% sensitivity and specificity. The PPA and NPA between the serum-based and saliva-based tests varied according to the selected optical density threshold in saliva. Thus, for a selected cutoff of 0.14, the PPA was 100% and the NPA was 88.1%, whereas for a selected cutoff of 0.29, the PPA was 67.3% and the NPA was 100%.
T oxoplasmosis is a common parasitic disease caused by the protozoan parasite Toxoplasma gondii. The infection is generally asymptomatic in immunocompetent adults, whereas intrauterine transmission of the parasite from the mother to the fetus during gestation can result in severe fetal and neonatal complications (1, 2) . In Tunisia, North Africa, toxoplasmosis is a frequent event in childhood and is followed by a protective immunity against parasite reinfection. However, many women stay susceptible to toxoplasmosis at childbearing age (3, 4) . Thus, most health care providers routinely screen for toxoplasmosis during the first prenatal visit in order to propose prophylactic recommendations (hygiene and diet guidelines) in nonimmune pregnant women (5) or to implement appropriate chemotherapy in case of recent primoinfection (6, 7) .
Serologic confirmation of the T. gondii IgG antibody is indicative of exposure to the parasite and has become widely accepted as a means to determine the immune status and susceptibility to Toxoplasma infection. Among the various available serologic methods, the enzyme-linked immunosorbent assay (ELISA) for IgG detection is simple to perform and is commonly used. However, the type and purity of the antigen applied greatly affect its performance. Currently, many manual and automated systems are commercially available (8, 9) . Most of them use whole-cell extracts of tachyzoites grown in mice or in tissue culture, which are often contaminated with extraparasitic material (10) or contain common protozoan antigens (11, 12) , leading to interassay variability (13, 14, 15, 16) . By the development of a second generation of more standardized diagnostic immunoassays based on specific immunodominant antigens, recombinant technology can contribute significantly to increase test performance (17) . Among the several cloned genes encoding T. gondii antigens, the surface antigen 1 (SAG1) (also named P30) has proved to be a good candidate for serodiagnosis of toxoplasmosis (10, 18) . In fact, it is a highly conserved antigen in most T. gondii strains examined (19, 20, 21) , is extremely immunogenic, and is recognized during the acute and chronic phases of toxoplasmosis (22, 23, 24) .
Nowadays, the detection of specific Toxoplasma antibodies relies on serum samples; nevertheless, blood collection remains an invasive procedure. Thus, the use of other biological fluids, such as saliva, would be more practical for Toxoplasma screening, especially under field conditions. This sampling method is safe, noninvasive, and easier and cheaper than blood sampling, and the compliance rate is high (25) . In addition, specific antibodies in various infectious diseases have been sensitively and specifically detected in saliva samples collected with devices targeting the crevicular fluid, where IgG transudates are highly present (26) . In regard to diagnosis of Toxoplasma infection, some researchers have suggested the usefulness of this practical sampling (27, 28) . Recently, SAG1 was proposed as one of the major reactive antigens in a salivary immunoblotting test (29) .
The purpose of this study was to produce a recombinant SAG1 (rSAG1) antigen using the Escherichia coli expression system, evaluate its immunoreactivity after the purification and refolding Western blots were obtained to reveal the recombinant protein band. For the first Western blot under reducing conditions, rSAG1 protein was transferred onto a nitrocellulose membrane (Amersham Biosciences, France). The membrane was saturated with 5% skim milk in phosphatebuffered saline (PBS) (pH 7.4) containing 0.1% Tween 20 (PBS-T) for 30 min and was then incubated with monoclonal antipolyhistidine-peroxidase conjugate antibody (A7058; Sigma-Aldrich, Inc., Germany) diluted 1:10,000 for 2 h. After extensive washing, the immune complex was detected by enhanced chemiluminescence (ECL) (Western blotting detection reagent; Amersham). The second Western blot was obtained under nonreducing conditions; the membrane was incubated overnight at 4°C in a human reference serum sample (titer of 240 IU/ml, diluted 1:100 in PBS-T). After a washing step, it was incubated with an anti-human IgGalkaline phosphatase conjugate (1:10,000) (Sigma-Aldrich, Inc., St. Louis, MO) for 60 min at room temperature. Finally, the immunocomplex recognized by the sera was revealed by the corresponding substrate-chromogenic solution containing 0. During blood sampling and after informed consent, saliva was collected from each patient with the Oracol device (Malvern Medical Developments, Worcester, United Kingdom). Briefly, the foam swab was removed from the collection device, rubbed over the women's gums until saturated with saliva, and then replaced into the test tube. In the laboratory, 1 ml of preservative medium (PBS [pH 7.4], 10% fetal calf serum, 0.2% Tween 20, 0.5% gentamicin, 0.2% Fungizone) was added to the tube; the swab was removed with a twisted movement (in order to extract as much liquid as possible), inverted, and replaced into the tube to keep the pink foam at the top. The tube was centrifuged at 100 ϫ g for 10 min. The inverted swab was then removed and discarded. Finally, the supernatant was divided into aliquots and conserved at Ϫ20°C until use.
(ii) rSAG1 ELISA. A standard indirect ELISA was optimized with serum samples. Briefly, the wells of a 96-well MaxiSorp plate (Nunc) were coated with pure refolded rSAG1 diluted in 100 mM carbonate-bicarbonate buffer (pH 9.6) at an optimal concentration determined in preliminary experiments (100 g/ml, corresponding to 5 g/well). After overnight incubation at 4°C, the wells were emptied and blocked with 5% skim milk in PBS-T. Serum samples from the patients (in duplicate) and calibrators were diluted 1:20 in PBS-T and distributed (100 l per well of microplate). After 1 h at 37°C, the reaction mixture was developed with goat anti-human IgG (Fc-specific)-horseradish peroxidase conjugate (product no. A0170; Sigma-Aldrich, St. Louis, MO) at a 1:5,000 dilution. After another hour of incubation, the substrate solution consisting of 50 mM phosphate-citrate buffer (pH 5.6) containing 0.02% o-phenylenediamine (OPD) (Sigma-Aldrich) and 0.005% H 2 O 2 was added, and the immediate colorimetric reaction was stopped by the addition of 2 mol/ liter H 2 SO 4 (50 l per well). The wells were washed three times with PBS-T between each intermediate step. The absorbance at 492/620 nm was measured using a microplate reader (Multiskan EX; Labsystems, Finland). The background was determined by coating the wells with the same antigen concentration but without adding sera. The calibrators were those supplied with the Platelia Toxo IgG kit, ready to use as 6, 60, and 240 IU/ml. These 6-, 60-, and 240-IU standards contain human serum reac-tive for T. gondii IgG antibodies calibrated in IU by Bio-Rad Laboratories against the TOXM 185 standard serum of the World Health Organization.
A biotin-streptavidin assay was used with saliva specimens. Briefly, a 96-well plate was coated with purified rSAG1 in an optimal concentration determined in preliminary experiments (10 g/well) at 4°C overnight and then blocked with 5% skim milk in PBS-T. After washing, saliva samples from the patients (in duplicate) diluted 1:4 in PBS-T were distributed (100 l per well of microplate) and incubated at 37°C for 1 h. For the amplification assay, each well was incubated with 100 l of goat biotinylated anti-human IgG antibody (gamma chain specific) (diluted 1;5,000 in PBS-T) at 37°C for 1 h, followed by incubation with horseradish peroxidase-labeled streptavidin. Intermediate washing steps with PBS-T, incubation conditions, and developing were the same as those described above for the serum samples.
Statistical analysis. Statistical analysis was done using the MedCalc statistical software (version 11.4.4.0). Quantitative variables are reported as means and standard deviations (SDs), or medians and interquartile ranges (IQRs) if the data did not show a normal distribution. The rSAG1-based ELISA evaluation consisted of testing intrinsic sensitivity and specificity for a collection of serum samples from patients immune to toxoplasmosis and appropriate negative controls. To assess the agreement between serum-based and saliva-based tests, positive percent agreement (PPA) and negative percent agreement (NPA) between the 2 tests were estimated.
RESULTS

Production and characterization of recombinant SAG1 antigen.
An 867-bp DNA fragment coding for the chosen sequence of T. gondii SAG1 antigen was recovered by PCR and subsequently cloned into the pET22b(ϩ) expression vector in frame with a hexahistidine tail sequence for further purification. The rSAG1 antigen was expressed in the Origami(DE3) bacterial strain. After expression optimization, soluble and insoluble fractions of bacterial culture were analyzed with a 10% continuous SDS-PAGE gel stained with Coomassie blue. A very weak protein band corresponding to soluble rSAG1 was detected (data not shown). Conversely, the insoluble rSAG1 fraction generated from cell lysis and subsequent solubilization with 8 M guanidine-HCl was detected with an apparent molecular size of 38 kDa (Fig. 1A, lane 2) , slightly higher than its predicted molecular mass (ϳ32 kDa). This band was absent in the noninduced cell culture (Fig. 1A, lane 1) , and its identification as the rSAG1 antigen was confirmed by antipolyhistidine Western blotting (Fig. 1B) . Solubilized inclusion body extracted proteins were purified under denaturing conditions (6 M urea), and the eluted fractions were collected and checked for the presence of the rSAG1 antigen. As shown by gel electrophoresis with Coomassie blue staining (Fig. 1A, lane 3) , the purified solubilized rSAG1 migrated as a unique broad band around 38 kDa. The recombinant protein was further evaluated by performing antipolyhistidine Western blotting with equal amounts of the insoluble preparation before and after purification (Fig. 1B) . No degradation products were detected under these conditions. The expression product underwent a refolding step, consisting of consecutive dialysis baths with decreasing urea concentrations. The recovery of immunoreactivity was confirmed by Western blot analysis with a human reference serum sample previously characterized for T. gondii-specific IgG reactivity. As shown in Fig. 1C (lane 3), the refolded purified rSAG1 is highly recognized by the human Toxoplasma serum. No degradation products, protein aggregates, or misfolded species were detected. However, the immunoblot profile of the earlier dialyzed crude insoluble fraction, revealed with the human reference serum, recognized the rSAG1 antigen but also all contaminating insoluble proteins (Fig. 1C,  lane 2) .
Typically, 1 liter of the recombinant bacterial culture led to the production of about 20 mg purified rSAG1. This amount largely exceeds the requirement for conventional biological activity tests.
Detection of specific anti-T. gondii IgG by rSAG1 ELISA. The routinely used techniques for diagnosis of Toxoplasma infection identified 49 seropositive and 42 seronegative pregnant women. Among the positive samples, the anti-T. gondii IgG titers varied from 7 to 210 IU (median, 51 IU; IQR, 32 to 70 IU), and only one serum sample was considered questionable by the Platelia commercial kit. This sample was confirmed positive by the complementary tests.
The analysis showed that the rSAG1 serum-based ELISA had an excellent ability to discriminate between nonimmune patients (lowest OD value, 0.03; highest OD value, 0.21; mean, 0.11; SD, 0.05) and immune patients (lowest OD value, 0.27; highest OD value, 0.67; mean, 0.45; SD, 0.09). The serum sample that had the lowest IgG titer by the Platelia kit (7 IU) was positive by the rSAG1 serum-based ELISA for a chosen OD cutoff in the range of 0.22 to Fig. 2A) . At this cutoff value, both the diagnostic specificity and the sensitivity of IgG detection by rSAG1 ELISA were 100%.
The immunoreactivity of saliva against the rSAG1 antigen was evaluated in a standard procedure and in a biotin-streptavidin procedure. The biotin-streptavidin assay improved the sensitivity of the detection of the rSAG1 antigen and was therefore preferred to the standard procedure for ELISA (data not shown). Figure 2B shows the absorbance values measured by the biotin-streptavidin rSAG1 ELISA applied to saliva samples according to toxoplasmosis immune status. OD values less than 0.14 (n ϭ 37) were recorded only in nonimmune patients, OD values greater than 0.29 (n ϭ 33) were recorded only in the immune group, and OD values in the 0.14 to 0.29 range (n ϭ 21) were recorded in immune (n ϭ 16) and nonimmune patients (n ϭ 5). Thus, for an OD threshold of 0.14, the overall percent agreement between saliva-based and serum-based tests was 94.5%, the PPA was 100% (95% confidence interval [CI], 92.7 to 100%), and the NPA was 88.1% (95% CI, 74.3 to 96%) ( Table 1) , whereas for an OD threshold of 0.29, the overall percent agreement between the 2 tests was 82.4%, the PPA was 67.3% (95% CI, 52.4 to 80%), and the NPA was 100% (95% CI, 91.5 to 100%) ( Table 1) . If the rSAG1 serum-based ELISA is assumed to be a gold standard and the rSAG1 saliva-based ELISA is being measured against it, at a specificity of 100%, the sensitivity of the saliva-based test was 69.4%, and at a sensitivity of 100%, the specificity of the test was 88.1% (Fig. 3) .
DISCUSSION
In order to overcome the interassay variability of the commercially available kits and to improve the serologic diagnosis of Toxoplasma infection, it is useful to identify antigens of potential diagnostic value and to use them as recombinant proteins that allow for more accurate, reliable, and specific tests (17) . In this context, several Toxoplasma target genes coding for such antigens were previously cloned and expressed (17) . rSAG1 was the most widely explored antigen and has been shown to be a good candidate for the diagnosis of Toxoplasma infection. However, reported studies on rSAG1-based assays showed variability in performance, which was probably due to differences in the selected gene fragments, the cloning strategies, or the panel of biological samples used in their evaluations (10, 14, 33) . In the present study, we selected a gene fragment coding for the whole SAG1 protein of the T. gondii RH strain, corresponding to amino acid residues 47 to 336, because using a truncated form might decrease the immunoreactivity of the recombinant antigen. The sag1 gene was cloned into the pET22b(ϩ) vector and highly expressed in the Origami(DE3) E. coli system. This system was chosen to overcome the metabolic burden related to high-level protein expression, since it contains double genomic mutations of the thioredoxin reductase (trxB) and glutathione reductase (gor) genes, resulting in marked en- hancement of disulfide bond formation in the cell oxidative cytoplasm (34) . In fact, the SAG1 protein adopts a native structure defined by six intramolecular cysteine bridges that give rise to immunologically relevant conformational epitopes (18, 35) . However, the rSAG1 antigen was essentially expressed as insoluble inclusion bodies. This might be due to saturation of the host cell folding machinery or cofactor deficiency (36) or due to the impact of rare codons that might contribute to rapid mRNA decay, limiting the expression of foreign genes in heterologous systems (37) . From elsewhere, aberrant interactions in the multiple disulfide bonds might lead to misfolded protein and insoluble aggregate formation (38) . In addition, persistence of the rSAG1 C-terminal hydrophobic region (residues 308 to 336), which serves as an acceptor of the so-called GPI group (i.e., a phosphatidylinositol glycolipid) in the parasite, might have promoted the protein aggregation (10). After one-step chromatographic purification under denaturing conditions, we have optimized a cost-saving dialysis procedure for refolding (30) that yields milligrams of active rSAG1 antigen from 1 liter of bacterial culture. Under these conditions, the rSAG1 ELISA developed was more sensitive than assays reported in the literature (22, 39, 40) and as sensitive as the soluble rSAG1-based assays (10, 23, 33) . This suggests that a correct refolding procedure might improve the specific immunoreactivity of this very complex molecule. Moreover, the rSAG1 serum-based ELISA was revealed to be an interesting tool for Toxoplasma screening in pregnant women. However, further evaluation on a larger series should be performed to validate the chosen cutoff value. Furthermore, it will be interesting to evaluate the accuracy of the method in detecting recent versus chronic Toxoplasma infection. Previous works showed the usefulness of saliva-based methods in the diagnosis of toxoplasmosis using whole-cell extracts as the antigen (27, 28, 29) . In the current study, we tested a recombinant antigen for antibody detection in saliva samples. The oral fluids were collected by the Oracol device for optimal IgG screening (26, 41) , and a preservative medium was added to the saliva samples to help maintain IgG stability over time (42) . Finally, a biotinstreptavidin system was used for signal amplification of the low expected antibody levels in the saliva. Under these conditions, positive and negative percent agreements between the salivabased and serum-based rSAG1 ELISAs varied according to the selected threshold in saliva samples. In fact, for a selected cutoff of 0.14, the PPA was 100% and the NPA was 88.1%, whereas for a cutoff of 0.29, the PPA was 67.3% and the NPA was 100%. To avoid false-negative or false-positive results by saliva-based ELISA, the 0.14-to-0.29 OD range can be considered a "gray zone." Under this condition, samples with OD values in this zone should be considered questionable and confirmed as negative or positive by complementary methods.
When the presence of a gray zone is taken into account, the rSAG1 saliva-based ELISA allowed immune status determination in 70 of 91 (76.9%) women; 37 (88.1%) were seronegative, and 33 (67.3%) were seropositive. This suggests that more research is needed to improve the sensitivity of the method for application in large-scale epidemiological surveys, where the noninvasive nature of the sampling is of considerable interest. In fact, the saliva-based ELISA seems to be less sensitive for specific IgG detection in toxoplasmosis than in other infectious diseases (26, 43, 44, 45) . This is probably due to the low antibody level observed in this chronic infection. To improve the accuracy of diagnosis, sensitive antibody capture assays (46, 47, 48) or an immunoblotting procedure (49) can be optimized for IgG screening in saliva. Furthermore, because IgA is a major immunoglobulin isotype in oral fluid, it will be interesting to evaluate the accuracy of the rSAG1 saliva-based ELISA in detecting IgA in acute infection.
